Lurcher (Lc/ϩ) mice, a dominant-active mutation causes Purkinje cell death, and subsequently, a dramatic loss A fundamental aspect of nervous system development of granule cells is observed (Caddy and Biscoe, 1979). is the generation of diverse cell and tissue types that As an approach toward understanding the molecular assemble into a synaptic network. Successive developmechanisms of neuronal differentiation in the pontocemental programs control the specification and proliferarebellar system, we utilized DNA microarrays to distion of individual neuronal types, cell migration, axon sect-on a global scale-the complexity of gene expresextension, and ultimately the formation of functional sion patterns during development. In the cerebellum, we identified specific patterns of gene expression repre- Lurcher mice further allowed us to identify and verify gene expression changes that are granule cell dependent. Significantly, analysis of purified granule cell populations enabled us to demonstrate that the terminal differentiation of granule cells can occur independent of interactions with other cell types in the cerebellum. To understand the transcriptional events leading up to synapse formation in presynaptic neurons, we studied gene expression in the pontine nuclei-the source of mossy fiber afferents, which form synapses with cerebellar granule cells. A combination of temporal profiling and mutant analysis identified genes and gene expression patterns correlated with two phases of pontine neuron differentiation: axon outgrowth and synapse formation. A comparison of pontine gene expression profiles in the Lurcher, weaver, and wild-type genetic backgrounds indicates that specific cellular constituents in the target environment of the cerebellum elicit distinct transcriptional responses in the presynaptic pontine neurons. These observations provide evidence for the hypothesis that presynaptic neurons respond transcriptionally to cues encountered both during synapse forma- 
Lurcher mice further allowed us to identify and verify gene expression changes that are granule cell dependent. Significantly, analysis of purified granule cell populations enabled us to demonstrate that the terminal differentiation of granule cells can occur independent of interactions with other cell types in the cerebellum.
To understand the transcriptional events leading up to synapse formation in presynaptic neurons, we studied gene expression in the pontine nuclei-the source of mossy fiber afferents, which form synapses with cerebellar granule cells. A combination of temporal profiling and mutant analysis identified genes and gene expression patterns correlated with two phases of pontine neuron differentiation: axon outgrowth and synapse formation. A comparison of pontine gene expression profiles in the Lurcher, weaver, and wild-type genetic backgrounds indicates that specific cellular constituents in the target environment of the cerebellum elicit distinct transcriptional responses in the presynaptic pontine neurons. These observations provide evidence for the hypothesis that presynaptic neurons respond transcriptionally to cues encountered both during synapse forma- taining different stages of differentiation. With these issues in mind, we used the maturation of cerebellar granule cells as a model system for elucidating programs of Cerebellar tissue was collected for RNA isolation at 3 day intervals, beginning at birth (postnatal day 0, P0) gene expression in a differentiating neuronal lineage. To determine the genetic program associated with granule and continuing for 21 days (P21, eight time points in total). For microarray hybridization, we compared the cell maturation, a series of time course experiments were performed using cDNA microarrays. The differenti-RNA sample at each time point to a common reference, which was a pool of RNA from all the time points. We ation of cerebellar granule cells occurs synchronously over a 3 week period during which granule cells undergo then normalized the data to the first time point by subtracting the measurement for each gene at P0 from each distinct phases of development. We used three sources of RNA to monitor gene expression patterns of cerebeltime point. Known marker genes for individual stages of granule lar granule cells during development. First, we analyzed all transcripts represented in the whole cerebellum.
cell development showed differential regulation as previously demonstrated by other techniques ( Figure 1A ). Granule neurons are the principal neuronal component of the cerebellum; therefore, the majority of the RNA is Math1, an early marker expressed during the specification of granule cell precursors (GCPs), is downregulated derived from granule cells. Second, we analyzed gene expression in granule cells that were purified and mainaround P10 (Ben-Arie et al., 1997). Cyclin D2, a marker of proliferating GCPs (Ross et al., 1996) , is upregulated tained in culture for various times to allow differentiation of the cells in vitro. Third, we analyzed transcripts from after birth and then decreases dramatically, whereas expression of the GABA receptor ␣6 subunit (GABA ␣6), granule cells harvested immediately after purification (i.e., not cultured in vitro) from cerebella at various posta marker of mature granule neurons in the IGL (Kato, 1990) , increases over the first 3 weeks ( Figure 1A ). natal ages.
In order to analyze gene expression in granule cells that are differentiating in isolation, we performed a second time course experiment with RNA derived from cultured cells. Granule cells purified from P6 cerebellum were maintained in vitro for 1-8 days, followed by RNA isolation and microarray analysis. GABA ␣6 was strongly upregulated after 2 days in vitro, and cyclin D2 was consistently downregulated ( Figure 1B ). Math1 expression remained at a constant low level, which is expected, as these cells were isolated from P6 cerebella, a developmental time point where math1 levels are already strongly reduced in vivo ( Figure 1A) . We also analyzed gene expression in purified granule cell preparations obtained from animals of various ages that were not cultured in vitro but were used directly for RNA isolations. In these acutely purified cell preparations, math1 and cyclin D2 levels remained high, even when cells were isolated from animals as old as P15 (data not expression data for all cerebellar cell types in their norstate, and/or other aspects of their metabolic state. We mal environment. We found that clustering expression reasoned that genes that have critical roles in specific profiles from the three sources of cells (whole cerebella, steps of neuronal differentiation should show a temporal cultured granule cells, and purified granule cells) alregulation that is similar to known markers of cellular lowed a cleaner separation of cell-specific markers into differentiation. Besides the selected marker genes dedifferent clusters than was afforded by clustering data scribed above, 13,020 genes of the 19,200 genes on the from any one source alone (data not shown). Truncation array showed significant hybridization signals with RNA of the dendrogram at a height ϭ 5 yielded 13 clusters, samples derived from whole cerebellar tissue. Of these named A-M (see the Supplemental Data at http:// 13,020 genes, only 403 genes (2% of the genes on the www.neuron.org/cgi/content/full/36/3/417/DC1). We array, 3.1% of all genes detected) showed significant then performed a second hierarchical clustering step changes in expression during development (based on a using the average expression profile of each group (Figvariance measurement, see Experimental Procedures). ure 2). Overall, our method proved to be quite effective, These genes were selected for further analysis and inas it separated math1, cyclin D2, and GABA ␣6, which clude markers of all major cerebellar cell types: granule, define distinct stages of granule cell differentiation, into Purkinje, and glial cells. It is important to note that while different clusters. Since the other genes in these clusters the following analysis covers a substantial portion of share the same temporal expression profiles, we reathe genes in the mouse genome, it is not exhaustive. soned that they might be expressed in granule cells at Some genes with important functions in cerebellar dethe same developmental stages as the known markers. velopment may not be present on the microarray or From the analysis described below, we found that genes might have given hybridization signals below the detecinvolved in common functional processes (e.g., specifition limit and consequently would not be included in the cation, proliferation, synapse maturation) tend to cluster together based on their expression profiles. present study. 
Genes Expressed in Granule Cell Precursors
The hierarchical clustering analysis predicts that We identified seven clusters (G-M) that together contain genes in cluster I are expressed in GCPs of the EGL. 219 genes that are strongly downregulated during cereThis was confirmed by in situ hybridization with probes bellum development ( the cerebellum, and we speculate that these genes are involved in and/or expressed in response to cell-cell ingly, an EST encoding a protein with homology to the transcription factor Pax6 was found to be expressed in signaling between mature neurons. Cluster E consists mainly of genes encoding erythrothe Purkinje cell layer ( Figures 3M-3O ). The appearance of multiple genes specific to fully differentiated cerebelcyte proteins (hemoglobin ␣ and ␤ chains, aminolevulilic acid). The expression of these genes is strongly delar cell types in this cluster suggests that it marks the appearance of mature Purkinje and granule cells as well creased in the cultured granule cells, almost certainly due to the loss of contaminating erythrocytes. During as glial cells in the cerebellar cortex. development in vivo, these genes are slightly upregulated, which probably reflects the increasing amount of meninges that surround the cerebellum.
Identification of Granule Cell-Dependent Expression Profiles
The hierarchical clustering methods permit the grouping of genes corresponding to early and late differentiation events in the cerebellum. In a complementary approach to sort genes based on the cells in which they are expressed, we took advantage of the weaver (wv) and Lurcher (Lc) mouse mutants. In wv/wv mice, granule cell precursors are correctly specified and proliferate in the EGL; however, the postmitotic cells die before they migrate to the IGL ( sion in the mutant background than those with lower values. However, it is important to note that genes with similar values could have very different expression and Figure 4B ). This strongly supports our finding that these genes function in a stage of granule cell developprofiles.
Several of the markers for GCPs, such as cyclinD2, ment upstream of the stage characterized by cluster I (proliferation). cyclinB1, and CD24a, showed significant values in the weaver cerebellum but only subtle differences in Lurcher Genes that function downstream of cluster I were affected significantly in the mutants. The cell adhesion (Table 1 and Figure 4B ). This confirms the observation that weaver granule cells are affected early in developmolecule L1, which is expressed in migrating granule cells, was not upregulated in weaver cerebellum as comment, while the Lurcher mutation affects the maturing granule neurons of the IGL only. Interestingly, math1 pared to wild-type littermates ( Figure 4B ; Bjerregaard and Jorgensen, 1994). Known markers of mature granule and other genes involved in granule cell specification (cluster L) were not affected in either mutant (Table 1 cells and Purkinje cells, as well as additional markers Table 2 ). program might simultaneously lead to the downregulation of factors required for axonal growth and to an These data suggest that wv/wv pons are defective selectively in synapse formation, while other aspects of neuincrease of factors involved in synapse formation and function. Since synaptic differentiation requires targetronal differentiation remain intact. Moreover, the downregulation of axonal elongation markers and the derived signals, we hypothesized that the mossy fibers would be impaired in their ability to switch from an axon upregulation of synaptic markers appear to represent two independent gene expression programs that can extension state to one of synapse formation in mutant mice lacking mature granule cells. To test this hypothebe uncoupled. In Lc/ϩ pons, unlike the situation in the wv/wv backsis, we again took advantage of the weaver and Lurcher mutant mice. In wv/wv mutants, granule cells die prior ground, there were significant effects for several different marker classes, including axonal elongation (cluster to migration, and mossy fiber-granule cell synapses are never formed (Rakic and Sidman, 1973a) . In Lc/ϩ, gran-H), synapse formation (cluster N and O), and glia (cluster A and E) (see Figure 7B) . Unexpectedly, the largest interule cell degeneration is a secondary effect to Purkinje cell death and proceeds more slowly than in the weaver actions in Lurcher pons were observed for several genes encoding myelin proteins ( Figure 7C , blue of the Purkinje cell defect on pontine neuron behavior (see Discussion). However, the large magnitudes of squares, left and right panels, respectively). Indeed, of all developmentally regulated genes identified, none had these effects may be more consistent with a cell-autonomous effect of the Lurcher mutation in the pontine glia.
very small values in both mutants ( Figure 7C ). These data provide additional support for the idea that pontine To understand the relationship between the different mutant strains, we plotted the values of weaver versus mossy fibers respond to environmental cues with distinct transcriptional programs and that signals derived Lurcher and found a clear relationship between the two mutant strains (shown in Figure 7C for each cluster from cerebellar neurons direct these expression programs. group). On average, genes with small values in Lurcher et al., 1999) . It is tempting to speculate that Sema3A or factors like it direct the will be necessary to confirm that these molecules are directly involved in afferent-target cell interactions, the development of mossy fiber afferents by influencing the expression of specific genes. Thus, gene expression present study provides an effective large-scale screen for such factors. patterns within the maturing mossy fiber neurons can be broken down into multiple phases-axon growth and Experimental Procedures synapse formation-that are modulated by different cell types in the cerebellum. This conclusion must be tem- behaves in the wild-type compared to the mutant mouse line, was mM Hepes (pH 7.5). Probes were boiled for 2 min, cooled by spinning used to select genes above a certain threshold. In the second apat RT, and applied to the microarrays under LifterSlip coverslips proach, we also select genes that change in expression during the (Erie Scientific). Hybridizations using 1X aRNA also contained 10 time series. Thus, we have a set of genes that change in expression g mouse COT-1 DNA (Invitrogen) and 10 g polyA; hybridizations over time, and a subset have a strong behavior difference between with 2X aRNA contained 10-fold less competitive reagents. Microarwild-type and mutant mouse lines. rays were incubated in a sealed humidified chamber at 50ЊC for 16
Hierarchical Clustering hr in the dark. Coverslips were floated off, and microarrays were Genes were clustered based on their expression pattern in the cerewashed in 0.6X SSC, 0.03% SDS for 10 min at 50ЊC, then 8 min at bellum (weight ϭ 1.0), purified granule cells (weight ϭ 0.5), and RT, 0.6X SSC for 6 min at RT, 0.06X SSC for 4 min at RT, rinsed in cultured granule cells (weight ϭ 0.75) time course experiments. For 95% ethanol, spun dry and scanned with an Axon 4000A scanner.
pons and mutant experiments, all data were weighted equally. The For the time course experiments (cerebellum, purified and cultured distance between any two expression patterns is determined by the granule cells, and pons), each RNA sample (labeled with Cy5) was weighted average distance (the weights are given above). Using this compared to a pool of all samples (labeled with Cy3) from the redistance, we perform hierarchical clustering, and set an arbitrary spective time course (a total of 33 hybridizations). For the mutant threshold to cut the dendrogram to define the different clusters. analysis, Table 3 outlines the hybridizations for each tissue (cerebelConsidering all maximal disjoint clusters with correlation greater lum and pons) and each mutant (weaver and Lurcher) included in than 0.87 provides 13 groups for the cerebellum data or 15 groups this study (a total of 64 hybridizations), where the common reference for the pons dataset. To further understand the relationship between is a pool of all samples from the respective tissue and mouse strain these groups, we carried out a second hierarchical clustering step (WT, wild-type; MT, mutant). using the average profile of each group. Genes are ranked within each cluster by its statistic.
Regression Analysis for Mutant Mouse Lines Data Analysis

Image Analysis
We analyzed gene expression at three time points (P1, P11, P21) for mutant and wild-type littermates. Data include comparisons beAll analysis was performed in the software package R (Ihaka and Gentleman, 1996). Pr22  TTGCGAGAGAAGGACAAGCACG  TGCCCGAGTGGAAAAGATGC  ZX00001K12  EST, PR-like  AGTTCCCTTGACTGTCCTTCTCTTC  CCTCGTTCCAAAGTGTCCAACC  ZX00029A19  Ribos S6 kinase  AACGGACTCCTCATGACACC  CAGGTCTTGGTGGGACAACT  ZX00011C01  SCG10  TGCCCTTTTCATTCCAACCG  TCAGCCTTTCGCTTCTACCCTG  ZX00031P07  HN1  TCGCCTGGAACACAGAGAAGTAAC 
